Reconstruction of the structure of the visigothic baptisterium of Barcelona (8th C.) by Lemos da Silva Albuquerque Beirao, José Anibal
 José Anibal Lemos da Silva 
Albuquerque Beirão 
RECONSTRUCTION OF THE 
STRUCTURE OF THE 
VISIGOTHIC 
BAPTISTERIUM OF 
BARCELONA (8TH C.). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
José Anibal Lemos da Silva Albuquerque Beirão                                                                                                            Dissertation 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 1 
 
 
 
DECLARATION 
 
Name: José Anibal Lemos da Silva Albuquerque Beirão 
Email: zenibeirao@hotmail.com 
Passport nº: J470721 
  
Title of the 
Msc Dissertation: 
RECONSTRUCTION OF THE STRUCTURE OF THE VISIGOTHIC 
BAPTISTERIUM OF BARCELONA (8TH C.) 
Supervisor(s): Pere Roca Fabregat 
Year: 2008 
 
 
I hereby declare that the MSc Consortium responsible for the Advanced Masters in Structural Analysis 
of Monuments and Historical Constructions is allowed to store and make available electronically the 
present MSc Dissertation. 
 
University: UPC 
Date: 18/07/2008 
Signature:  
 
 
 
 
 
José Anibal Lemos da Silva Albuquerque Beirão                                                                                                            Dissertation 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 2 
 
 
 
 
ABSTRACT 
This work presents the study of a possible reconstruction for the Visigothic baptistery of Barcelona. A 
bibliographic research was performed in order to get in touch with the main historical, geometrical and 
structural characteristics of related buildings. The Episcopal city of Barcino (old name for the city of 
Barcelona) in the Visigothic time was studied, such as the remains of the baptistery. Several 
configurations were, then, imagined in cooperation with the archaeologists of the Museum of the city 
of Barcelona (MHC) for the possible structure. These solutions were, afterwards, tested by means of 
limit analysis and a final solution was proposed.   
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1. INTRODUCTION 
1.1. MOTIVATION OF THE WORK 
A very stimulating multidisciplinary job was purposed to be carried out. The opportunity of working in 
cooperation with archaeologists was very enthusiastic, in the sense that, the two matters can be 
complemented creating the possibility of achieving very positive results. In fact, the potential 
contribution of structural engineers in the understanding and reconstruction of ancient structures was 
one of the main drives of this master thesis. The correlation between historical facts and structural 
viability can lead to very conceivable solutions. Furthermore, the use of limit analysis on this kind of 
labour can prove this technique very useful and powerful in the study of the viability of structures.  
1.2. OBJECTIVES OF THE WORK 
1.2.1. MAIN OBJECTIVES 
Generally, there are three main goals on this work. The first main objective of this master thesis was to 
perform a deep analysis on the state of the art. It was of extreme importance the profound study and 
understanding of the typical construction types, geometry and dimensions of the different structural 
elements and chronological localization of related buildings. The second main objective was to 
propose different alternate solutions which structural viability should be studied through limit analysis. 
Then, conclusions should be achieved and explained and a final solution should be proposed.  
1.2.2. SPECIFIC OBJECTIVES 
Regarding the first main objective, the first important step for a structural engineering which historical 
knowledge on history of architecture was not very vast, was to study this period of history trying to 
understand, not only architectural details and typical construction types, but also the cultural, religious 
aspects and historical facts. Then, the acknowledgement of the most important related buildings of the 
time should be already understood and should be resumed with its important properties summarized. 
Afterwards, and with an improved historical and architectural knowledge, the study of the Episcopal 
city of Barcino and the remains of the baptistery should be visited and studied.  
After the accomplishment of the first main objective, different architecturally and historically 
conceivable solutions should be sketched and its behaviour studied by means of limit analysis. The 
most important elements should be tested with the purpose of understanding the influence that the 
several possible geometries and dispositions have on the structure behaviour, particularly, the 
understanding of the (supposed) domed roof structural viability was of extreme importance.  
Taking in to consideration the structural viability tests and the historical context a final solution should 
be proposed.  
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2. STATE OF THE ART 
 
2.1. Historic overview 
At this point it is presented a brief historic overview about the Christian architecture since its 
beginnings to understand the evolution of the religious, cultural and technical issues during the years. 
Afterwards, the Episcopal city of Barcelona is described focusing on its evolution inserted on the 
overall role described before. This study helps to understand the meaning of each building of the city 
and its change in time.  
2.1.1. Paleochristian and Byzantine architecture 
As paleo means early, paleochtistian architecture, or early Christian architecture is an art historian’s 
term that applies to the art and architecture of the Roman Catholic Church during the first five 
centuries of the Christian era. On the other hand, Byzantine architecture is a term used by both social 
and art historians to refer to the eastern part of the Roman Empire that established its own identity, 
separate from the west after about 500. The Byzantine world view has been described as “juridicially 
Roman, culturally Greek, and officially and passionately Christian.” 
Early Christian and Byzantine religious architecture also reflect the political difference between the 
eastern and western components of the Roman Empire. In the west, as Germanic tribes and internal 
conflicts weakened the political power of the emperors permitting the Pope and the Roman Catholic 
Church to assume greater and greater control. In the east, however, the emperor remained in control 
of both the church and the state. 
Christian Architecture before 313  
Very little is known about the architectural setting for Christian worship during the first three centuries 
of Christianity because meetings and worship services were usually held in public buildings such as 
Jewish Synagogues, in private homes or, on occasion, in open landscapes such as a seashore or the 
slope of a hill. One of the earliest known examples of an early place of Christian worship is located in 
Dura Europus, a Roman frontier outpost on the upper Euphrates River that was overrun in the third 
century and, because of its remote location, was never built over. Among the typical buildings of this 
provincial town, archaeologists have identified a Jewish synagogue and a house that had been 
converted into a Christian Church. 
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Figure 1  – House church Dura Europus (1). 
 
Christian Architecture after 313  
Although Christianity was not adopted as the official religion of the empire until 380, in 313, 
Constantine charged his architects to design places of Christian assembly and worship that would “be 
worthy of my generosity and the catholic and apostolic church.”  
As it can logically be classified as an architectural movement in the late Roman Empire, Early 
Christian architecture does have specific characteristics developed to serve Christian assemblies and 
worship. This characteristics can be identified and it can be said that they created a style. The two pr 
imary building types of Early Christian architecture are the basilica, which provides a place of 
assembly and worship and was organized about a longitudinal axis and the martyrium, which 
provides a place for the veneration of Christians who died for their faith and was traditionally organized 
about a central point rather than an axis. Actually, it was not quite this simple because longitudinal 
plans sometimes contained significant centrally planned components and not all centrally planned 
buildings were martyria; some were mausoleums and some were baptisteries. 
 
 
 
 
 
 
(1) Young, Paul; “ARCHITECTURE of the ANCIENT & MEDIEVAL WORLDS”, 2003 
José Anibal Lemos da Silva Albuquerque Beirão                                                                                                            Dissertation 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 12 
The Basilican Church  
In the Roman Empire, basilicas were used for many functions; however, their role as courts of law is 
normally considered to be the function that caused them to be selected as the model for Christian 
church buildings.  
There is a great variety among buildings classified as Early Christian basilicas. In general, however, 
the characteristics they share place them in a category that architectural historians can easily identify 
as “Early Christian.” (1) interior spaces accommodated the assembly of a larger group of people but, 
at the same time, provided separate spaces for clergy, laity, and catechumens—those receiving 
instruction but were not yet members of the faithful; (2) a tall central space, or nave, flanked by one or 
two side aisles creating a cross section through the nave and side aisles that constitutes the 
“basilican” form, which was accepted as the norm in Christian church architecture for the next 1500 
years; (3) clerestory windows that introduced light into the nave through the wall above the roof of the 
side aisles; (4) an apse located at the end of the nave providing an area set aside for the bishop and 
the clergy; (5) an atrium, or open courtyard, located at the entrance to the building and containing a 
fountain for ritual purification before entering the building: (6) simple, unadorned architectural 
exteriors, the forms of which directly reflect the interior spaces; and (7) highly decorated interiors of 
rich materials and frescoes and mosaics depicting Christian themes to the extent that one becomes 
less and less aware of the architectural enclosure and more and more aware of the Christian 
mysteries interpreted in the art. 
Examples of Early Christian Basilicas 
• Old St. Peters: Rome (Century IV) 
This example worked both as martyrium shrine and funeral wall explaining the size as well as the plan 
of the structure. The nave and aisles did not simply terminate in a chancel as was common in later 
Christian churches; instead they were met by a transverse structure, a continuous transept In the 
center of the transept, a huge apse served as an extension of the space of the nave. The transept and 
the apse contained Peter’s shrine, the altar, clergy seats, and oblation tables. The vast space of the 
transept held the crowds that came to venerate the shrine. Only during commemorative services, was 
the transept given over to the clergy as a chancel. The nave and aisles, on the other hand, were, in 
fact, a covered cemetery. Entering the nave it is possible to see the 22 huge columns which were 
removed from ancient Roman buildings. This was, in effect, a common practice at this time. The nave 
was separated from the transept by a “triumphal arch.” The walls of the nave were richly decorated 
with frescoes and rich materials. 
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Figure 2  – St Peters Basilica (1). 
 
 
• The basilica of the Nativity 
It followed the pattern of Old St Peter’s in that the shrine was separated from the nave; however, 
instead of being enclosed in a transept it was located in the centre of an octagon which was three 
steps higher than the nave and separated from it by a “triumphal arch.” An octagonal opening in the 
centre of the roof brought light into the space, which had a wide circular opening in the centre of the 
floor that permitted pilgrims to look into the cave where tradition placed the birth of Christ. The nave 
and side aisles formed a plan that was roughly square; relatively small compared to St Peter’s 
because, despite the extreme religious significance of this site. 
 
 
 
(1) Young, Paul; “ARCHITECTURE of the ANCIENT & MEDIEVAL WORLDS”, 2003 
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Figure 3 – Basilica of the Nativity (1). 
 
 
• Basilica of Santa Sabina 
Built between 422 and 432, is a good example of the mature designs that followed the early 
Constantinian experiments. The plan is very simple: a nave accompanied by one aisle on each side 
and a deep, spacious apse. The nave is relatively tall, and the slender proportions give the interior a 
new lightness and elegance. The light enters the nave from very large arched clerestory windows. As 
a result the aisles, which originally did not have windows, were quite dark. 
 
 
Figure 4 – Basilica of Santa Sabina (1). 
 
 
 
(1) Young, Paul; “ARCHITECTURE of the ANCIENT & MEDIEVAL WORLDS”, 2003 
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The Martyrium  
The martyrium was a building that sheltered pilgrims visiting the site of an important event in Christ’s 
life, or in the life of a Christian martyr. Such buildings were common in the ancient world where they 
were often associated with temples, just as these Christian martyria were often associated with a 
church. The need to focus on a very specific shrine or relic naturally led to centrally planned buildings; 
however, when the martyria needed to accommodate both the pilgrims who came to venerate the 
shrine and others who were participating in normal worship services, architectural solutions that 
separated these two activities were needed. For example, at Old St Peter’s this demand was met by a 
huge transept and apse that was attached to a basilica with normal nave and side aisles.  
  
Figure 5 – Sta Constanza Martyrium in Rome (1). 
 
Baptisteries and Mausoleums – Centralized buildings 
Christian architecture also included fre-standing baptisteries and mausoleums demanding specific 
component or activity for which it was demanded centralized plants. The resulting buildings have 
essentially the same architectural solution as pagan buildings with similar programmatic needs to 
honour a site or a person. In this case there seemed to be less of a problem with the association with 
pagan architecture. 
 
 
 
 
 
(1) Young, Paul; “ARCHITECTURE of the ANCIENT & MEDIEVAL WORLDS”, 2003 
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The Baptistery 
In Christian architecture the baptistery is the separate centrally-planned structure surrounding the 
baptismal font. The baptistery may be incorporated within the body of a church or cathedral and be 
provided with an altar as a chapel. In the early Christian Church, the catechumens were instructed and 
the sacrament of baptism was administered in the baptistery. The sacramental importance and 
sometimes architectural splendour of the baptistery reflect the importance of baptism to Christians. 
The octagonal plan of the Lateran Baptistery, the first structure expressly built as a baptistery, 
provided a widely-followed model, which might be twelve-sided or even circular as at Pisa. In a 
narthex or ante-room the catechumens were instructed and made their confession of faith before 
baptism. The main interior space centred upon the baptismal font, in which those to be baptized were 
immersed thrice. Three steps led down to the floor of the font, and over it might be suspended a gold 
or silver dove. The font was at first always of stone, but latterly metals were often used. 
 
Figure 6 – Lateran Baptistery in Rome (2). 
 
 
Figure 7 – St Giovanni Baptistery in Florence (2). 
 
 
 
 
 
 
 
 
 
(2) http://Wikipedia.org 
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The Mausoleum 
A mausoleum is an external free-standing building constructed as a monument enclosing the 
interment space or burial chamber of a deceased person or persons. A mausoleum may be 
considered a type of tomb or the tomb may be considered to be within the mausoleum. A Christian 
mausoleum sometimes includes a chapel. Historically, mausoleums were, and still may be, large and 
impressive constructions for a deceased leader or other person of importance. However, smaller 
mausoleums soon became popular with the gentry and nobility in many countries, particularly in 
Europe and her colonies during the early modern and modern periods. These are usually small 
buildings with walls, a roof and sometimes a door for additional interments or visitor access. A single 
mausoleum may be permanently sealed. A mausoleum encloses a burial chamber either wholly above 
ground or within a burial vault below the superstructure. This contains the body or bodies, probably 
within sarcophagi or interment niches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
José Anibal Lemos da Silva Albuquerque Beirão                                                                                                            Dissertation 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 18 
Byzantine Architecture 
The problems in the Roman Empire that followed the internal civil wars and “barbarian invasions” 
beginning about the middle of the third Century, were temporarily dealt with by Diocletian (284-305) 
and Constantine (306-337); however, their solution involved a division of the Empire that, by the year 
500, had established a western component, with its capital at Rome, and an eastern component, with 
its capital at Constantinople. About 300 Diocletian left Rome and built his great palace at Split 
(Spalato) on the Dalmatian coast; and in 330 Constantine established a new capital at the Greek 
colonial city of Byzantium which was renamed Constantinople. This move to cities in the east was 
prompted in part by the Germanic invasions that were threatening the west, but it also reflected a new 
definition of the emperor’s role, which was becoming more like the concept “divine kingship” typical of 
the east and less like the “first magistrate of the Roman People,” which had been its roots in the west.  
By 500 the division was clear; the western part of the empire had, for all practical purposes “fallen,” 
and was entering its “dark age” and the eastern empire, which historians have named “Byzantine,” 
was entering its “golden age.”  
The viability of the Byzantine Empire can be attributed, in part at least, to the strategic location of 
Constantinople between Europe and Asia along both north-south and east-west trade routes. In 
particular, the ability of Constantinople to resist external threats until the fifteenth century can be 
attributed to the configuration of the city which permitted it to be effectively defended with a relatively 
short, well fortified wall on the west and the natural “moat” of the Sea of Marmara on the other three 
sides. The emperor credited with setting the character, if not founding, the Byzantine world, is 
Justinian (527-565). 
Examples of Byzantine Architecture 
In the imperial architecture of Justinian, centralization is a dominant theme. It is never a good idea to 
generalize, nevertheless, it is true the Latin acceptance of salvation as a path that one follows and 
chooses is reflected in the axial plan of the basilical church predominant in the west and the meditative 
and introspective relationship between religion and philosophy is reflected in the centrally planned 
churches of the west. As God is the centre of the cosmic order, so the (Emperor) is the centre of the 
terrestrial order. In the Early Christian basilica the space-defining wall is the primary element. The 
space is covered by a secondary wooden roof, which creates a certain vertical openness. The 
centralized space of the Byzantine church, on the other hand, is covered by a dome. A dome, as such, 
does not represent any innovation, but the dome of Justinian architecture is more than the dome in the 
traditional sense. It is conceived as an architecturally scaled baldachin, which is the architectural term 
for a canopy suspended over an altar, throne, or tomb. The dome proper is superimposed on a 
polygonal volume, and the transition is taken care of by pendentives. Between the vertical supports of 
the baldachins, secondary memberbrane-like walls are filled in. As these walls have no structural 
function they may be perforated by numerous openings, replaced by columnar screens, given a 
curved form, or simply eliminated. It is also possible to add several baldachin-shaped elements 
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together. The Justinian architectural system, therefore, offers a new fundamental freedom of planning 
and was of basic importance for the development of Romanesque and Gothic. 
• Hagia Sophia: Constantinople (532-537) 
 
 
 
 
 
Figure 8 – Hagia Sofia – Exterior view and plant (1). 
 
 
 
 
 
 
Figure 9 – Hagia Sofia – Different spaces and structural elements (1). 
 
(1) Young, Paul; “ARCHITECTURE of the ANCIENT & MEDIEVAL WORLDS”, 2003 
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The Constantinian Basilica of St Sophia, which was the cathedral of the patriarch, was destroyed in 
the Nike riots in 532. Justinian, after quelling the uprising, decided to build a new church on a plan and 
of a size and lavishness until now unheard of. The new church was not dedicated to a saint but to 
Hagia Sophia, the holy wisdom, or Creative Logos, of god himself. Thousands of labourers ‘were 
gathered from all over the world’ to work on the building site, in the brickyards. 
The main element of Hagia Sophia is a central dome, which is 29 meter in diameter and is perforated 
by a row of windows at its base—the very location where structural logic tells us the dome exerts its 
greatest thrusts. A longitudinal direction is introduced by the addition of half-domes to the east and 
west, while the lateral buttresses are closed off by screen walls. Smaller, diagonally placed conches 
are added to the half-dome spaces, and the longitudinal movement is completed by an apse. The plan 
displays a logical use of the possibilities inherent in the central dome system, but the particular 
solution is original, and represents a convincing synthesis which has hardly been equalled since. The 
main nave, with its great dome, half-domes, and diagonal half-domes, is placed within a larger 
rectangle, measuring about 71 by 77 meters. A double shell structure is thereby obtained, where the 
main rooms seem to be surrounded by an illuminated “enclosure of space” consisting of aisles and 
galleries used by the people during service, while the nave and the chancel were reserved for the 
clergy and the emperor. The secondary spaces were also formed by numerous small domes. The 
dome rests on pendentives, which are carried by huge piers. Inserted between the piers is a screen 
wall of superimposed columns and clerestory windows, which echoes the nave of the Early Christian 
basilicas.  
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2.1.2. The Episcopal city of Barcelona 
The Christianization 
Recent archaeological studies allowed doing a global plant of the Episcopal complex of Barcino as 
well as establishing its evolution from the IV until the VII Century.  
It is normal, as it was explained before, and considering other complexes, that the first spaces of 
reunion were houses from important families. Since the half of the IV Century the Christianization in 
the colony must have been effective. From these times, Barcino had a sanctuary, a basilica, where the 
community got together; and a baptistery.  
The functions exerted by the bishops in the early Christian times were important and more than 
spiritual. They distributed justice, kept straight relations with the state important people, received 
important travellers, assisted to the poor people and carried out an important role on economic and 
politic matters. In consequence, they needed a residence worthy of their functions. Soon, adding to 
the baptistery and basilica other buildings starting to appear, such as, the bishop palace, and a 
reception room.  
In Barcino like in the rest of the empire, the heritage of the church started to grow thanks to the 
donations of lays and bishops. The administration of the diocese resources was in the hands of the 
bishop. Probably due to this reasons, the existence of the industrial installations, a fish sauce and salt 
meat factory and a wine industry in the complex, were possible.  
 
José Anibal Lemos da Silva Albuquerque Beirão                                                                                                            Dissertation 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 22 
 
Figure 10 – Hypothesis of the Episcopal city of Barcelona in the Century V by J. Beltrán and Ch. 
Bonnet. 
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The VI Century – The extension and improvement of the Episcopal group 
During the VI Century the Christianity in Barcino turns itself more complex. Barcino was elected by the 
Visigoths, for a small period, as kingdom capital. This condition and the improvement of the Episcopal 
group seem to be related. In the end of the VI Century the Bishop of Barcino was important and 
exerted its influence in a vast area of the territory. As it is possible to observe in other cities, the role of 
the bishop in the development of the architecture of the cities was very important in these times.  
Following this thesis, an ambitious and complex project of improvement and change of the Episcopal 
group was developed. The project included the construction of a cruciform plant church, a building 
probably related with the civil power of the city and a new palace for the bishop. At the same time 
improvements of the baptistery and of the reception room were also done. The industrial part of the 
city was substituted by the church which was built in the same place.  
The evolution of the Episcopal group of Barcino shows the growing role of the bishops and the 
importance of the Episcopal capital in early Christian times. In the second half of the VI Century the 
city is an important administrative, fiscal and economic centre.  
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Figure 11 – Hypothesis of the Episcopal city of Barcelona in the Centuries VI and VII by J. Beltrán and 
Ch. Bonnet. 
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2.2. Related buildings 
In a work like this, is very important to perform a detailed and deep research on other buildings to earn 
sensibility on designing the expected building. The geometry and dimension of the several elements of 
the baptistery should be based on the study of related buildings. 
Due to the complexity of this period of history, it was not easy to understand which buildings could 
help in this study. Nevertheless, baptisteries in general were a very good help, once it is found little or 
no trace of them before Constantine made Christianity the state religion, i.e. before 4th century; and as 
early as the 6th century the baptismal font was built in the porch of the church and then in the church 
itself. After the 9th century, with infant baptism increasingly the rule, few baptisteries were built. This 
information makes the baptisteries a kind of building typical from a period in history which makes 
probable that all had a similar structural scheme. This is plausible due to their usual octagonal, 
squared or round shape in plant, although, it is important to analyse this buildings with critical sense 
because they can have origin on different location and century.  
 
 
Figure 12 – Typical shapes in plant of baptisteries (3). 
The baptistery was a place of great importance in the first Christian architecture; it is, unfaultable, a 
typical Paleochristian building. One of the Visigoth characteristics was to absorb everything which is 
convenient for them from the roman institutions converting themselves completely in to Christian 
religion. Nevertheless, they imported several other influences in to the Hispanic culture such as, 
indigenous influences, due to their barbarian and nomad culture, byzantine and North African 
influences.  
 
(3) Powerpoint presentation prepared for the course “European Architecture” of the Faculty of Architecture, Building and 
Planning of the University of Melbourne. 
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Adding to baptisteries, which are, logically, very relevant to this study, martyriums and mausoleums 
normally have similar shape in plant, though, can also be very helpful. The following points show a 
compilation of buildings which match with the criterion of similar shape in plant and a structural 
scheme similar to the one expected. 
• Baptistery of Frejús, Var in France (Century V) 
Historic Context – Built during the Merovingian dynasty. The Merovingians are the first 
civilization of the great invasions in Europe during the fall of the Roman Empire. They are 
afterwards defeated by the Visigoths who then cross the Pyrenees founding their kingdom in 
Toledo.  
Structural Scheme – The building has the typical octagonal shape a tambour below a stone 
dome supported by the eight columns which are connected to the buttresses to support the lateral 
thrusts. Over the dome there is a timber truss supporting the roof.  
 
Figure 13 – Section (3). 
 
 
 
Figure 14 – Plant (3). 
 
 
 
Figure 15 – Stone Dome (3). 
 
 
 
 
 
 
 
 
 
 
(3) Powerpoint presentation prepared for the course “European Architecture” of the Faculty of Architecture, Building and 
Planning of the University of Melbourne. 
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• Baptistery of Marseille, Marseille in France (Century V)  
Historic Context – The historical context is similar to the Frejus Baptistery.  
Structural Scheme – The building has the typical octagonal shape, a tambour below a stone 
dome supported by the eight columns which are connected to eight arches transferring the lateral 
thrust to eight other columns located on the other side of the ambulatory. The dome is covered by 
a timber structure supporting the roof. The restitution displayed may not make sense from the 
structural point of view once the tambour seems too high.  
 
Figure 16 – Plant (3). 
 
 
Figure 17 – 3D Restitution (3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Powerpoint presentation prepared for the course “European Architecture” of the Faculty of Architecture, Building and 
Planning of the University of Melbourne. 
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• Albenga Baptistery, Albenga in Italy (V Century ) 
Historic Context – From the mid-5th century Albenga was the seat of a bishopric. A bishopric 
is a bishop who is a territorial Prince of the Church on account of one or more secular 
principalities, usually pre-existent titles of nobility held concurrently with their inherent clerical 
office. In the West, with the decline of imperial power from the 4th century onwards in the face of 
the barbarian invasions, sometimes Christian bishops of cities took the place of the Roman 
commander, made secular decisions for the city and led his own troops when necessary. This 
baptistery was built during this time.   
Structural Scheme – The building has the typical octagonal shape. It has a dome and a 
tambour supported over the main buttresses which are connected to the exterior wall. It does not 
have ambulatory and the lateral thrusts are supported by the buttresses which are the walls of the 
apses surrounding the building. The dome is covered by a timber roof. 
 
 
Figure 18 – Albenga Baptistery – Section (4). 
 
 
Figure 19 – Albenga Baptistery – Exterior (5) 
 
 
Figure 20 – Albenga Baptistery – Interior (3). 
 
 
 
Figure 21 – Albenga Baptistery – Plant (3). 
 
 
 
(3) Powerpoint presentation prepared for the course “European Architecture” of the Faculty of Architecture, Building and 
Planning of the University of Melbourne. 
(4) http://www.archmuseum.org/Gallery/Photo_15_12_professional-life.html?Page=3 
(5) http://www.initaly.com/regions/liguria/ponente.htm 
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• Orthodox Baptistery of Ravenna, Ravenna in Italy (Century V) 
Historic Context – During the 5th century the centre of Christian art in the west moved from 
Rome to Ravenna. In 410 Alaric the Visigoth sacked Rome, and it ceased to be the political centre 
of Western Europe. The octagonal brick structure was erected by Bishop Ursus between the end 
of the 4th and beginning of the 5th century, as part of his great Basilica. The building was finished 
by Bishop Neon at the end of the 5th century. 
Structural Scheme – The building has the typical octagonal shape. It has a dome and a 
tambour supported over an arched structure. It does not have ambulatory and the lateral thrusts 
are supported by the four apses surrounding the building. The dome is covered by a timber roof. 
 
 
Figure 22 – Ravenna Orthodox Baptistery – 
Exterior (6). 
 
Figure 23 – Ravenna Orthodox Baptistery – 
Interior (8). 
 
 
Figure 24 – Main Section (7). 
 
Figure 25 – Plant (7). 
 
 
(6) http://www.drcolinparsons.org.uk/Italian/Baptisteries.htm 
(7) http://www.mcah.columbia.edu/ma/htm/related/ma_ravenna_obapt.htm 
(8) http://www.artehistoria.jcyl.es/ 
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• Mausoleum of Gala Placida, Ravenna in Italy (V Century) 
Historic Context – Gala Placida was the brother of Honorius, the roman emperor which 
changed the capital of the empire from Rome to Ravenna. The mausoleum was built between 425 
and 450.  
Structural Scheme – It has a stone dome supported on small pendentives which are supported 
by four arches. The lateral thrusts are received by the buttresses which are the exterior walls. 
 
Figure 26  – Exterior (10). 
 
Figure 27 – Interior (2). 
 
 
Figure 28 – Plant (9). 
 
 
Figure 29 – Dome (11). 
 
 
 
 
 
 
 
(2) http://Wikipedia.org 
(9) http://tagdesignstudios.com/Teach/italhistfinal/Byzantine/Byzantine.html 
(10) http://romaniconagallaecia.blogspot.com/2008_02_01_archive.html 
(11) http://www.songtranslator.net/wiki/wiki.php?title=Arquitectura_bizantina 
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• Arian Baptistery of Ravenna, Ravenna in Italy (Century V-VI) 
Historic Context – The Arian Baptistry was erected by Ostrogothic King Theodoric the Great 
between the end of the 5th century and the beginning of the sixth century. Theodoric the Great 
was king of the Ostrogoths (471-526) ruler of Italy (493–526), and regent of the Visigoths (511–
526). 
Structural Scheme – The building has the typical octagonal shape. It has a dome supported 
over a tambour which is supported over an arched structure. The lateral thrusts are transferred to 
the ground by the four apses.  
 
Figure 30  – Plant (3). 
 
 
Figure 31 – Exterior (12). 
 
 
Figure 32 – Interior (12) 
 
 
 
 
 
 
 
 
 
 
 
 
(3)Powerpoint presentation prepared for the course “European Architecture” of the Faculty of Architecture, Building and 
Planning of the University of Melbourne. 
(12) http://www.bluffton.edu/~sullivanm/italy/ravenna/arianbap/arian.html 
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• Baptistery of San Giovanni al Fonte, Lomello near Milan (Century V-VIII)  
Historic Context – It is one of the most ancient Lombard baptisteries. The most recent studies 
date the lowest part back lo the fifth century, and the highest one to the eighth. The Lombards 
were a Germanic people originally from Northern Europe who settled in the valley of the Danube 
and from there invaded Byzantine Italy in 568 under the leadership of Alboin. They established a 
Kingdom of Italy which lasted until 774, when it was conquered by the Franks. 
Structural Scheme – The building has the typical octagonal shape a tambour below a stone 
dome supported by the eight columns which are connected to the buttresses to support the lateral 
thrusts. It is only a possible reconstruction but it seems logical.  
 
Figure 33  – Plant (3). 
 
 
Figure 34 – Possible reconstruction (13). 
 
 
 
 
 
 
 
 
 
 
(13) Rippa, Maria Antonietta; Ries Julien; Zibawi, Mahmoud; “El Arte paleocristiano” 
(3) Powerpoint presentation prepared for the course “European Architecture” of the Faculty of Architecture, Building and 
Planning of the University of Melbourne. 
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• St Vitalle Church, Ravenna in Italy (VI Century) 
Historic Context – The church was begun by Bishop Ecclesius in 527, when Ravenna was 
under the rule of the Ostrogoths, and completed by the 27th Bishop of Ravenna, Maximian in 548 
during the Byzantine Exarchate of Ravenna. The importance of this building is its importance 
among the monuments of Byzantine architecture. Some writers believe that it was the prototype of 
Hagia Sofia in Constantinopla.  
Structural Scheme – It has a stone dome supported on a tambour which is supported on the 
arched structure over the eight columns. At the position of the columns, two levels of arches 
appear over the ambulatory which carry the lateral thrusts of the dome. The dome is covered by a 
timber roof. 
 
Figure 35 – Exterior (15). 
 
Figure 36 – Interior (16). 
 
 
Figure 37 – Typical Section (14). 
 
 
Figure 38 – Plant (14). 
 
 
 
 
(14)  http://loki.stockton.edu/~fergusoc/lesson4/jump5.htm 
(15) http://www.contracosta.edu/art/190earlychristianjewishbyzstudyimages.htm 
(16)  http://www.sacred-destinations.com/italy/ravenna-san-vitale.htm 
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• Baptistery of San Miguel de Terrassa, Terrassa in Spain (VII Century) 
Historic Context – It is inserted in the Episcopal centre of St Pere. It is located between the Sta 
Maria and San Pedro Churches. The three churches were built close to the placement of old 
Ègara (old name for Terrassa) as see of Ègara Diocese, created about the year 450 and which 
remained until VIIIth century. The Episcopal ensemble follows the Byzantine model of antiquity, 
with two churches (Sant Pere and Santa Maria) and a baptistery (Sant Miquel). After a long 
constructive process, the churches are finished in the current manner about the XIth and XIIth 
centuries and in Romanesque style, are built on old pre-Romanesque buildings of the Visigoth 
time. 
Structural Scheme – The building has a square shape, with eight columns. It has a stone 
dome supported on the arched structure over the columns. The lateral thrusts are transferred to 
the outside of the building by arches connecting the corner columns to the exterior wall.  
 
Figure 39 – Plant 
 
Figure 40  – Exterior 
 
 
Figure 41 – Interior. 
 
 
Figure 42 –Dome. 
 
 
(17) http://www.turismo-prerromanico.es/arterural/Tarrasa/SanMIGUELTARRficha.htm 
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• Baptistery of Cittanova, Milan in Italy (Century VIII) 
Historic Context – Built during the Carolingian empire which ended with the famous emperor 
Charlemagne. His empire, ostensibly a continuation of the Roman Empire is referred to 
historiographically as the Carolingian Empire. During this period, an attempt to recover the Rome 
of Constantine is performed. 
Structural Scheme – Concerning this building few remains still exist, although a reconstruction 
of its possible original state is available. This reconstruction consists in a simple wooden structure 
supported on an octagonal shaped stone masonry wall.  
 
Figure 43 – Existing remains. 
 
 
Figure 44 – Possible reconstruction (18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
(18) http://www.istrianet.org/istria/archeology/jurkovic_arti-antiche.htm 
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After completing the research, the following chart was constructed with all the important information 
summarized. The length in plant was allways known as to the other dimensions they were taken by 
proportions looking at the pictures. The dimensions are subjected to errors, neverthless the 
proportions seem well. 
BUILDING CENTURY LOCATION 
SHAPE 
IN 
PLANT 
LENGTH 
IN 
PLANT 
(m) 
DOME 
DIAMETER 
(m) 
TAMBOUR 
HEIGHT 
(m) 
COLUMNS 
HEIGHT 
(m) 
DOME 
TYPOLOGY 
Frejus V France Octagonal 11 6 3 4,5 Segmented 
Albenga V Italy Octagonal 11 6 2 3,5 Segmented 
Orthodox 
Baptistery 
of Ravenna 
V Italy Octagonal 11 8,5 3,5 Wall - 4 Segmented 
Mausoleum 
of Gala 
Placida 
V Italy Square 10,5 3,5 - 4 Segmented 
St. Vitale 
Church 
VI Italy Octagonal 40 17 - 17 
Semi-
Circular 
Terrassa VII Spain Square 7 2,5 - 3 Segmented 
Table 1 – Properties Summary. 
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2.3. Previous works on the baptistery 
A previous reconstruction of the baptistery was performed which is plotted in the following picture. 
From the structural point of view, it seems that the massiveness of the cross columns were not used to 
advantage. Once these elements are younger than the other columns, it seems logic that they were 
constructed for some specific reason, and in this reconstruction this fact is neglected.  
The reason for this, is mainly a different consideration for the existence of the cross columns assumed 
in that case. They believed that the cross columns were the first vertical members to exist taking in 
consideration the, supposedly, original square baptismal pool.   
 
 
Figure 45 – Previous reconstruction by M.N. Noguera Davila; M.M Ortega Villaveces; C.L. Tocancipa 
Falla. 
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3. ADOPTED APPROACH 
3.1. Objectives 
The objective of this study is to show the viability of the adopted geometry from a structural point of 
view. Due to the great uncertainty of the problem, which geometry is only a possible one, it does not 
make sense to use more advanced methods on the analysis such as finite element analysis. Using the 
limit analysis method it is possible to say if the structure is safe and this is enough regarding the 
objective of the work. 
3.2. Limit Analysis – Description 
Limit analysis is a very reliable and powerful tool. Due to its simplicity, it can be a very useful 
technique in the analysis of possible reconstructions, making possible to perform several tests in a 
very simple and reliable way. It consists in drawing the compression line, thrust line, taking in to 
consideration the following hypotheses and basing on plasticity theory: 
1. Masonry has null tensile stress 
2. The compression strength of the material is infinite 
3. Sliding between stone blocks is impossible 
Regarding the two first points, they are compatible with masonry structures once its tensile strength is 
very low and its compression strength normally is much higher than the usual state of stresses of this 
kind of structures. The third point is also plausible due to the friction existing between the stone blocks 
which prevent them to slide; nevertheless, shear stresses can be high and generate a lower ultimate 
load to the structure. 
Under these conditions, the limit theorems of limit analysis, based on plasticity theory, are applicable 
to masonry structures (Kooharian 1953, Praguer, 1959). 
 
 
Figure 46 – Hinging and corresponding yielding function. 
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This method allows the use of three theorems which give us important information about the structure 
behaviour. 
The first theorem is the safe (lower bound) theorem which says that the structure is safe, meaning that 
the collapse will not occur, if a statically admissible state of equilibrium can be found. This occurs 
when a thrust line can be determined, in equilibrium with the external loads, which falls within the 
boundaries of the structure. The load applied is a lower bound of the actual ultimate load (causing 
failure). The use of this theorem on this work is very useful once if a thrust line within the limits of the 
structure can be found it is possible to say that the structure is safe.  
 
Figure 47 – Lower bound theorem. 
 
The second theorem is the upper bound theorem which says that if a kinematically admissible 
mechanism can be found, for which the work developed by external forces is positive or zero, then the 
arch will collapse. In other works, if a mechanism is assumed (by arbitrarily placing a sufficient number 
hinges), the load which results from equating the work of the external forces to zero is an upper-bound 
of the actual ultimate load. 
 
Figure 48 – Upper bound theorem. 
 
The third theorem is the uniqueness which theorem says that a limit condition will be reached (i.e., the 
structure will be about to collapse) if a both statically and kinematically admissible collapsing 
mechanism can be found. In other words, the collapsing configuration will be reached if a thrust line 
can be found causing as many plastic hinges as needed to develop a mechanism. Plastic hinges are 
caused by the thrust line becoming tangent to the boundaries. When this occurs, the load is the true 
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ultimate load, the mechanism is the true ultimate mechanism, and the thrust line is the only possible 
one. 
 
Figure 49  – Uniqueness theorem. 
 
These two last theorems were not used in this work once the purpose of the work is not having an 
ultimate load but a possible geometry for the building. The lower bound theorem is, then, enough to 
the analysis of the building.  
Note that each structure has an infinite number of possible thrust lines depending on the position, 
largeness and direction of the resultant force in the limit of the structure. Following the lower bound 
theorem, founding one thrust line which is in equilibrium with the external loads means that the 
structure is safe. Nothing can be said while no such a thrust line is found (unless all the infinite 
possibilities are tried through a systematic procedure). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
José Anibal Lemos da Silva Albuquerque Beirão                                                                                                            Dissertation 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 41 
4. DESCRIPTION OF THE WORK 
At this chapter, the remains of the baptistery are deeply shown and explained as a starting point. 
Afterwards the possible geometries for the baptistery are shown and explained taking in to 
consideration the research on other buildings and other reconstructions of related buildings. 
4.1. Remains of the baptistery 
The underground excavations carried out some decades ago brought to light the remains of the 
Visigoth baptistery of Barcelona. This is a very important building, from the archaeological point of 
view, for the understanding of a controversial period of history. The following picture shows the area 
excavated and the reconstitution carried out by the museum archaeologists. Visiting the site, it is 
possible to see the baptismal pool and some of the foundations of the columns.   
 
Figure 50 – Baptistery remains. 
 
The following pictures show the baptismal font, and the columns foundations possible to see on the 
site.  
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Figure 51  – Baptismal Pool. 
 
Figure 52 – Rectangular Column Foundation. 
 
Figure 53 – Rectangular Column Foundation. 
 
Figure 54 –Cross Column Foundation. 
It was also found the remains of what, probably, was a wall painting. The position of this painting will 
be studied in this work but due to the curvature that it shows, it suggests that it was located either in a 
pendentive or in a place connecting a wall with an arch.  
 
Figure 55 – Wall Painting. 
 
Figure 56 – Wall Painting. 
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The following pictures show the study done by the museum archaeologists showing the curvature of 
the wall painting.  
 
Figure 57 – Wall Painting. 
The study of this detail is of great importance, from the archaeological point of view. To understand 
the global structural behaviour of the building this did not revealed it self very relevant, nevertheless, 
the connection of both studies can help to understand the position of this detail, which is also an 
important point taking in to consideration the purpose of this work.  
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4.2. Probable evolution of the building 
After getting in touch with the information given by the museum archaeologists, the plant of the 
baptistery was cleaned and its dimensions homogenised. The following picture shows the plant of the 
baptistery which was used for the study.  
 
Figure 58 – Plant used for the study. 
Analysing the condition of the foundations, it is possible to understand that the crossed foundations 
are younger than the other eight. This fact suggests that the building suffered an intervention 
somewhere in its history which probably included the adding of new elements with consequent 
significant changes of the structural scheme of the building.  
The original plant was composed of eight columns forming an octagonal shape, which suggest a light 
structure once there are no buttresses to support the lateral thrusts. The baptistery which shape in 
plant is more similar to this is the Baptistery of San Giovanni al Fonte in Lomello, Italy, and it has the 
four apses receiving the lateral thrusts originated by the stone dome. The construction of the new 
massive columns suggests, then, an increase of the weight of the building which could be justified by 
the construction of a stone dome. The change of the shape in plant to quadrangular makes the 
baptistery similar to the one in Terrassa from the structural point of view. It makes sense that the 
structural scheme would be similar due to the geographic proximity and cultural similarities of the two 
buildings. 
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Taking into consideration this evolution of the building, it is plausible to believe that the baptistery had 
first a wooden roof supported by the eight columns, which was afterwards demolished at the time 
when the four crossed columns were built with the purpose of building a stone dome. The structural 
scheme would, then, be similar to the Baptistery of Terrassa.  
The two solutions will be now explained in detail. 
4.3. Stone solution 
At this point, the stone solution started to be tested. To start drawing the geometry of the building, the 
summary of properties presented before was reduced and it was included the ration of the dome. So, 
the following chart shows the proportion of the dome and the height of columns and tambour in the 
following cases. 
BUILDING CENTURY LOCATION 
DOME 
HEIGHT/DOME 
DIAMETER 
TAMBOUR 
HEIGHT 
COLUMNS 
HEIGHT 
DOME 
TYPOLOGY 
Frejus V France 1/3 3 4,5 Segmented 
Albenga V Italy 0,4 2 3,5 Segmented 
Orthodox 
Baptistery 
of Ravenna 
V Italy 0,34 3,5 Wall - 4 Segmented 
Mausoleum 
of Gala 
Placida 
V Italy 1/3 - 4 Segmented 
St Vitale 
Church 
VI Italy 0,5 - 17 
Semi-
circular 
Terrassa VII Spani 0,3 - 3 Segmented 
 
Table 2 – Dimensions summary. 
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4.3.1. Structural scheme 
The structural scheme which seemed more plausible for the baptistery, considering its shape in plant 
and its possible evolution in time was, summarily, a stone dome and a tambour over four main arches 
supported, mainly, by the 4 crossed columns. The lateral thrusts are then supported by eight other 
arches connecting these piers to the exterior walls, or buttress in case of the inexistence of 
ambulatory. 
Considering the study performed, the height of the columns considered was 4m. To begin the analysis 
it was also necessary to estimate the form and thickness of the arches and dome. Most of the 
examples found have segmented forms for the dome, nevertheless and as a first step, these elements 
were considered to be semi-circular such as the other arches. For the height of the tambour it was 
considered 3m according to the study performed, for the dome it was considered a thickness varying 
from 0,5m at the beginning to 0,3m at the centre and the arches were considered to have 0,3m of 
thickness as a first approach.  
The following picture shows the preliminary drawing considering the parameters studied. The building 
seems proportional which may mean that the parameters were well estimated. The dome and tambour 
seem, however, too high. 
 
Figure 59 – Preliminary drawing. Exterior View. 
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Figure 60 – Preliminary drawing. Interior view. 
Looking at the building, there are elements which structural viability needs to be tested. The dome, the 
tambour and the arches need to be studied. Nevertheless, they were not studied, at this point, 
because its objective is to define the overall structural behaviour of the structure.  The four cross 
columns will, for sure, need an element to support the lateral thrust coming from the arch. These 
elements could be arches connecting the column with the exterior wall creating, consequently, barrel 
vaults over the ambulatory; or buttresses attached to the columns which would reduce the space of 
the ambulatory in some areas.  
At this point it was very important to understand if the building had ambulatory or not. Looking at the 
examples considered it is possible to understand that many do not have it; nevertheless, the 
foundations of a wall outside from the building suggest its existence in this case. Concerning the 
doubts at this point, the first test performed was to understand the necessary dimension of the 
buttresses to support the lateral thrust of the arch. Considering that the building had an ambulatory, 
this study would show the reduction of space at the corners of it and with it exclude or not the 
possibility of the existence of buttresses. It is also important to state that the existence of buttresses 
would open other possibilities for the cover of the ambulatory.  
The density considered in the study was 22kN/m^3 which is, averagely, the density of the stone from 
Montjuic which was probably the source. The following chart shows the weight and volume of each 
element considered in the study. The total was then divided by eight in order to have the equivalent 
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load for half arch. It is important to say that the pendentives were neglected in this study, although, the 
study revealed itself conclusive without them.   
Upper Loads Volume (m^3) Weigth (kN) Cad 
Dome 46.78 1029.23   
Tambour 29.06 639.38   
Arches 2.51 55.30   
Total 
  1723.91   
1/2 Arch  
  215.49 21.55 
Table 3 – Loads considered. 
To simplify the analysis and once the arch was not in study, the load was considered to act 70% at the 
right of the column and 30% at the left. The following picture shows the location of the loads and the 
voussoir division considered. The thickness of the arch is 0,5.  
 
Figure 61 – Loads location. 
 
 
 
 
 
Main Arch 
Area 
(m^2) 
Weigth 
(kN) cad 
1 0.21 2.36 0.24 
2 0.22 2.44 0.24 
3 0.25 2.75 0.28 
4 0.25 2.80 0.28 
5 0.22 2.41 0.24 
6 0.29 3.21 0.32 
7 0.60 6.60 0.66 
Buttress 9.22 101.38 10.14 
 
 
 
Table 4 – Voussoir division. 
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Figure 62 – Minimum H thrust line. 
The Figure 1 shows the thrust line for the minimum horizontal force. It can be seen the dimension of 
the buttress which seems quite disproportional. It can also be guessed that, the arch is not safe, 
although that was not the study at this point.  
The following picture shows the preliminary drawing including the estimated buttresses. It shows 
clearly that this solution makes no sense in case of existence of ambulatory. It could make sense if the 
building had, for example, four apses in the corners and no ambulatory, as some related buildings 
show.    
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Figure 63 – Buttresses study. 
As in this example it is considered that the building has an ambulatory due to the existence of a 
foundation of an exterior wall, this solution was excluded and it was studied forwardly the arches 
solution.  
The overall structural scheme of the structure is then a dome supported by a tambour which are over 
four arches and four pendentives (not drawn in the last picture). The main four arches should support 
this load and transfer it to the four arches which will connect the cross columns with the exterior wall. 
The lateral thrust of the dome should be transferred through the pendentives to the corners. They 
should, then, be included in the equilibrium of the cross columns. Over the ambulatory there is also a 
stone barrel vault which also can help in the equilibrium of the dome, if necessary.   
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To flow of the analysis was then the following one: 
1. Dome and tambour study.  
2. Main arches study. 
3. Equilibrium of the barrel vaults and elements supporting them. 
4. Small arches study and equilibrium of the round columns. 
5. Equilibrium of the cross columns.  
 
1. 
 
2. 
 
3. 
 
3. 
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5. 
 
Figure 64 – Overall view of the structure. 
4.3.2. Dome study 
At this point the dome and tambour started to be studied. The following statement explains the 
difficulties on the application of limit analysis to three-dimensional structures.  
The application of limit analysis to domes and vaults (three-dimensional structures) may encounter 
significant difficulties. If subjected to tensile stresses, domes and vaults will crack and thus develop a 
system of compatible arches contained within the volume of the structure. If the structure can not 
generate an equivalent system of compatible arches, it may collapse due to the (likely) loss of tensile 
strength in the medium or long term. Masonry domes and vaults should be regarded (at least, for 
calculation purposes) as a system of one-dimensional arches, each of them in equilibrium.  Since 
cracking is not a plastic phenomenon, the ability of the structure to successfully develop a possible 
system of compatible arches is not warranted even if a possible system exists.  
As it is stated, the dome should be divided in an amount of arches, and each one should be studied 
and forced to be in equilibrium. It is not easy to determine the division; in this case, the dome was 
divided in eight equal parts and the piece studied was the following one with the following voussoir 
division.  
 
Figure 65 – 
Studied Piece for 
Dome 1 
 
Figure 66 – Voussoir 
Division for Dome 1 
DOME 1 
Voussoir 
Volume 
(m^3) Weigth (kN) Cad 
1 0.10 2.24 0.22 
2 0.34 7.39 0.74 
3 0.68 14.95 1.49 
4 1.43 31.45 3.14 
5 2.01 44.24 4.42 
6 1.29 28.37 2.84 
7 3.95 86.83 8.68 
 
Table 5 – Voussoir Division for Dome 1 
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Each voussoir is then a three-dimensional piece with varying thickness. The following pictures show 
the maximum and minimum H thrust line and a thrust line considered to start at ¼ of the cross section 
at the middle section which H was considered to be
4
3 MaxMin HH +×
. It is important to say that each 
structure has infinite possible thrust lines which depend on the position, largeness and direction of the 
resultant force in the limit of the strucure.  
 
Figure 67 – Maximum H 
 
Figure 68 – Minimum H 
 
Figure 69 – Thrust line 
As it can be seen the minimum H is not possible to be achieved with this configuration for the dome 
once the thrust line is not inside the boundaries through its entire route. Due to this fact, the third 
thrust line was calculated to understand which was the minimum H thrust line possible for this 
configuration. The Solution is inside the dome but the tambour is too high once the thrust line does not 
fall inside at the bottom.  
At this point it was necessary to think in which parameters of the dome made sense to vary in order to 
search for the best solution of this element. It is possible to understand that the dome can be lower 
with a lower tambour or higher and in this case the tambour can be higher also. The parameters 
studied were: 
1. Form of the dome which was tried with a height at the centre of 4.5m (first case), 2.4m 
(approximately half), 3,3m which is sensibly in the middle of the last two cases, 2,6m and 
2,8m. 
2. Thickness of the dome which was tested with a variation from 0,5m to 0,3m in the first case 
and from 0,5m to 0,4m.  
3. Height of the tambour which was 3m in the first case was also tested with 2m being then 
reduced until having the minimum H thrust line in the middle third of its bottom.  
4. Inclusion of a peripheral filling which configuration will be explained afterwards 
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5. Inclusion of a weight in the middle span. Once the dome has to be studied as a slice of the 
entire dome, the weight in the middle span is much lower than in the rest of the dome. This 
fact provoked that some thrust lines felt out of the structure near this area. Looking at the 
pictures it is possible to see that the domes have a religious cross in the middle span and 
often additional material which can help in this fact. The contribution of this element is 
subjected to critics; nevertheless it was studied in this work. le 
The second dome studied had 2,4m of height in the center and the same thickness variation.  
 
Figure 70 – Studied 
Piece for Dome 2 
 
Figure 71 – Voussoir 
Division for Dome 2 
DOME 2 
Voussoir Volume (m^3) Weigth (kN) Cad 
1 0.10 2.27 0.23 
2 0.33 7.28 0.73 
3 0.63 13.94 1.39 
4 1.13 24.85 2.48 
5 1.10 24.26 2.43 
6 3.95 86.83 8.68 
 
  
 
Table 6 – Voussoir Division for Dome 2 
 
Figure 72 – Maximum H 
 
Figure 73 – Minimum H 
It can be seen that for both cases the thrust line is not inside the limits of the structure, furthermore, for 
the minimum H the thrust line falls outside the limits at the bottom of the tambour. The height of the 
dome in the center was exageratedly decreased. The next test was performed with a dome with 3,3m.  
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Figure 74 – Studied 
Piece for Dome 3 
 
Figure 75 – Voussoir 
Division for Dome 3 
DOME 3 
Voussoir 
Volume 
(m^3) 
Weigth 
(kN) Cad 
1 0.10 2.17 0.22 
2 0.32 7.07 0.71 
3 0.65 14.19 1.42 
4 1.30 28.61 2.86 
5 1.74 38.34 3.83 
6 3.95 86.83 8.68 
Table 7 – Voussoir Division for Dome 3 
 
Figure 76 – Maximum H 
 
Figure 77 – Minimum H 
Again in this case the minimum H thrust line shows that the structure is not safe, once the 
compression line falls outside of the structure in the bottom of the tambour and is not always inside the 
limits through all the structure. Probably there is a line which is always inside the dome but for sure it 
will fall outside at the tambour. Once for dome 2 and 3 the minimum thrust line gets out of the 
structure in the beginning the next step was to use dome 3 with the thickness varying from 0,5 to 0,4m 
with the purpose of increasing the weight in the center of the dome.  
 
Figure 78 – Studied 
Piece for Dome 4 
 
Figure 79  – Voussoir 
Division for Dome 4 
DOME 4 
Voussoir 
Volume 
(m^3) 
Weigth 
(kN) Cad 
1 0.14 3.03 0.30 
2 0.44 9.63 0.96 
3 0.84 18.38 1.84 
4 1.55 34.11 3.41 
5 1.84 40.41 4.04 
6 3.95 86.83 8.68 
Table 8 – Voussoir Division for Dome 4 
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Figure 80 – Maximum H 
 
Figure 81 – Minimum H 
As it can be seen, the problem still exists, although, now for the maximum H the thrust line does not 
leave the boundaries of the structure through the arch.  
At this point, the possibility that the dome geometry was semi cirular was more in doubt. In fact, most 
of the examples studied had segmented circumference domes and the drawing of this geometry of 
dome seems disproportional to the rest of the structure, as it was stated and shown before. So, at this 
point, the possibility of the existence of an element at the top that helps in the behavior of the dome 
was studied. The first dome studied had 2,6m of height at the center and the thickness varying from 
0,5m to 0,4m. The purpose was to find a lower possible dome once dome 4 still seems too high and 
dome two seems two low. The overview of the structure is the following. 
 
Figure 82 – Overview of the structure – Dome 5 
The element in the middle span is half of a elliptical volume with 0,3m of radius and 0,8 of half length. 
The structure seems more proportional like this; nevertheless, the tambour still seems too high.  
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Figure 83 – Studied 
Piece for Dome 5  
Figure 84 – Voussoir 
Division for Dome 5 
DOME 5 
Voussoir 
Volume 
(m^3) 
Weigth 
(kN) Cad 
1 0.14 3.02 0.30 
2 0.43 9.43 0.94 
3 0.78 17.27 1.73 
4 1.31 28.91 2.89 
5 1.24 27.36 2.74 
6 3.95 86.83 8.68 
7 0.05 1.17 0.12 
Table 9 – Voussoir Division for Dome 5 
 
Figure 85 – Maximum H 
 
Figure 86 – Minimum H 
As it can be seen the minimum H thrust line still, slightly, gets out of the structure in the beginning, so 
the next step was to test a dome with 2,8m of height in the center, the same thickness variation and 
with a bigger and wider element in the top.   
 
Figure 87 – Overview of the structure – Dome 6 
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At a first look the element in the top seems strange, nevertheless, it is important to say that, the dome 
was for sure covered with a timber roof as almost all the examples shown are. Furthermore, looking at 
the Terrassa example, it is possible to see a considerable stone in the top below the religious cross. 
Maybe the configuration is not the best, nevertheless, that does not seem very important to the study.  
 
Figure 88 – Terrasa’s Roof. 
The Terassa’s Example is the one in which this reconstruction is more based. The reason is the 
proximity of Terrassa from Barcelona which made easy the visit to the site making possible a more 
detailed and critical analysis of the parameters studied.    
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Figure 89 – Studied 
Piece for Dome 6 
 
Figure 90 – Voussoir 
Division for Dome 6 
DOME 6 
Voussoir 
Volume 
(m^3) 
Weigth 
(kN) Cad 
1 0.14 3.02 0.30 
2 0.43 9.50 0.95 
3 0.80 17.66 1.77 
4 1.39 30.56 3.06 
5 1.39 30.66 3.07 
6 3.95 86.83 8.68 
7 0.14 3.01 0.30 
Table 10 – Voussoir Division for Dome 6 
 
Figure 91 – Maximum H 
 
Figure 92 – Minimum H 
It can be seen that with this configuration the dome is perfectly stable, in the sense that all the 
possible thrust lines are inside the structure. Furthermore, the dome seems proportional to the rest of 
the structure, although the tambour is still too high. The tambour was, then, the next element to be 
studied. The next step was reduce the tambour to 2m and include a peripheral filling with the 
configuration shown in the picture. This study was performed to try to understand the maximum height 
for the tambour compatible with the stability of the structure with the already define dome geometry.   
 
Figure 93 – Overview of the structure – Dome 7 
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Figure 94 – Studied 
Piece for Dome 7 
 
Figure 95 – Voussoir 
Division for Dome 7 
DOME 7 
Voussoir 
Volume 
(m^3) 
Weigth 
(kN) Cad 
1 0.14 3.02 0.30 
2 0.43 9.50 0.95 
3 0.80 17.66 1.77 
4 1.39 30.56 3.06 
5 1.39 30.66 3.07 
6 2.90 63.89 6.39 
7 0.14 3.01 0.30 
8 2.04 44.81 4.48 
 Table 11 – Voussoir Division for Dome 7 
 
Figure 96 – Maximum H 
 
Figure 97 – Minimum H 
With this tambour height it is possible to see that the tambour is on the limit of its safety. The height 
chosen for this element is then very close to the maximum limit. Nevertheless, looking at the overview 
of the structure, the tambour still seems disproportional. Furthermore, looking at the example of 
Terrassa, it is possible to understand that the tambour is very small or does not exist at all. The 
“tambour” is the structure below the dome which is the main arch in this case. Because of this reason 
the tambour was reduced until the height where the minimum thrust line felt inside the middle third at 
the bottom of the tambour. The height of the tambour was now 0,8m.  
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Figure 98 – Maximum H – Dome 8 
 
Figure 99 – Minimum H – Dome 8 
At this point the structure overview was, then, the following one. Note that windows were included 
cutting tambour and dome as it happens in Terrassa. 
 
Figure 100 – Overview of the structure – Dome 8 
The look of the building was satisfactory at this point, however, after going to Terrassa, two new 
changes on the dome typology seemed logical. The first one was regarding the external outfit of the 
building considering its probable timber roof cover. To achieve the wanted outfit, the peripheral filling 
was removed and four walls were included, as the picture shows. The height of these walls was 2,5m 
and it was defined so that the roof had a logical inclination. As the walls were not peripheral, it was 
necessary to construct two thrust lines one with wall and the other without wall to prove that the 
minimum thrust line was still inside the middle third of the tambour bottom.  
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Figure 101 – Minimum H 
 
Figure 102 – Minimum H 
 
Figure 103 – Exterior of the structure – Final dome Figure 104 – Exterior of Terrassa Baptistery 
The exterior display of the structure seems very close to the Terrassa one which makes this solution 
very plausible.  
The second change was regarding the dome geometry. In Terrassa, this element does not have a 
tambour; it is supported directly by the interior wall over the arches. Also, the element in the middle 
seemed strange as it was focused before. The new change was to create a segmented arch which 
started in the bottom part of the tambour creating a dome with a smoother connection to the walls and 
pendentives. The element considered in the top was more similar to the one in terrassa, it was a 
cylinder with 0,6m of height and 0,3m of radius although the final conclusion that this element does not 
have much influence in the structure. The dome was tested and once more for the minimum H the 
Thrust line was not in equilibrium with the external loads but this time, a thrust line with the following 
value 
4
3 MaxMin HH +×
 and the position seen in the picture and already tested before was tested. The 
structure is still safe and, as the lateral force transferred to the rest of the structure is even smaller 
than before. This fact is mostly due to the decrease of volume of the element on the top.  
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Figure 105 – Studied Piece 
for Dome 8 
 
Figure 106  – Voussoir 
Division for Dome 8 
DOME 8 
Voussoir 
Volume 
(m^3) 
Weight 
(kN) Cad 
1 0.13 2.93 0.29 
2 0.41 9.01 0.90 
3 0.77 17.01 1.70 
4 1.49 32.88 3.29 
5 1.26 27.80 2.78 
6 0.78 17.13 1.71 
7 3.65 80.26 8.03 
8 0.02 0.47 0.05 
Table 12 – Voussoir Division for Dome 8 
 
Figure 107 – Maximum H 
 
Figure 108– Minimum H 
 
Figure 109 – Thrust Line for  ¾. 
 
Figure 110 – Interior of the structure – Final dome 
 
Figure 111 – Interior of Terrassa Baptistery 
The final outfit of the dome and roof is very satisfactory as the pictures show. Comparing with 
Terrassa the solution obtained seems very close to it. The biggest difference is the pendentives which 
have different configuration in Terrassa. Nevertheless, the baptistery of Barcelona is bigger in plant 
which seems more logical to have pendentives.  
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4.3.3. Main arches study 
Following the flow of the load, the next elements to be studied are the main arches. For that purpose 
the main façade supporting the dome was subdivided in the following elements which were studied 
separately. 
 
Figure 112– Main Façade. 
 
Figure 113 – Subdivision 
 The main arch 1 was the first element to be studied. The next picture shows the voussoir division and 
loads considered. The volume of dome and roof wall was divided into eight parts to obtain this value 
per half arch. Then, the dome was divided by four once it was considered that it only acts in the first 
four voussoirs and the wall was divided five because it acts in all arch, logically.  
  
Volume (m^3) 1/2 Arch Per voussoir Weight (kN) cad 
Dome 43.86 5.48 1.37 30.15 3.02 
Roof Wall 41.55 5.19 1.04 22.85 2.29 
    
Total 5.30 
Table 13 – Upper loads Considered. 
Main Arch 1 – Thickness 0,3m 
Voussoir Volume (m^3) Weight (kN) Cad 
1 0.14 3.01 0.30 
2 0.14 3.17 0.32 
3 0.16 3.58 0.36 
4 0.19 4.09 0.41 
5 0.29 6.41 0.64 
6 0.17 3.83 0.38 
Pendentive 
Voussoir Volume (m^3) Weight (kN) Cad 
1 0.02 0.33 0.03 
2 0.13 2.84 0.28 
3 0.49 10.67 1.07 
4 1.05 23.15 2.31 
5 1.15 25.32 2.53 
Table 14 – Voussoir division. 
 
 
Figure 114 – Voussoir division. 
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Figure 115 – Maximum H. Thickness 0,3m. 
 
Figure 116 – Minimum H. Thickness 0,3m. 
As it can be seen, the arch is not in equilibrium with the external loads which means that the 
thickness, 0,3m, is too low. The next step was to increase the thickness of the arch to 0,5m. 
Main Arch 1 – Thickness 0,5m 
Voussoir Volume (m^3) Weight (kN) Cad 
1 0.23 5.02 0.50 
2 0.24 5.28 0.53 
3 0.27 5.96 0.60 
4 0.31 6.82 0.68 
5 0.49 10.68 1.07 
6 0.25 5.39 0.54 
Pendentive 
Voussoir Volume (m^3) Weight (kN) Cad 
1 0.02 0.33 0.03 
2 0.13 2.84 0.28 
3 0.49 10.67 1.07 
4 1.05 23.15 2.31 
5 1.15 25.32 2.53 
Table 15 – Voussoir division. 
 
Figure 117 – Voussoir division. 
 
Figure 118 – Maximum H. Thickness 0,5m. 
 
Figure 119 – Minimum H. Thickness 0,5m. 
The arch is still not in equilibrium. The next step was to increase the thickness of the arch to 0,8m 
which is the maximum space available for the support of the arch. It is important to say that with this 
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configuration it would be necessary to exist a stone in the top of the cross column which would serve 
as a support to the main arch 1 and to the small arch. The pictures will make this clearer.  
Main Arch 1 – Thickness 0,8m 
Voussoir Volume (m^3) Weight (kN) Cad 
1 0.61 13.38 1.34 
2 0.64 14.08 1.41 
3 0.72 15.89 1.59 
4 0.83 18.20 1.82 
5 1.29 28.48 2.85 
6 0.17 3.83 0.38 
Pendentive 
Voussoir Volume (m^3) Weight (kN) Cad 
1 0.02 0.33 0.03 
2 0.13 2.84 0.28 
3 0.49 10.67 1.07 
4 1.05 23.15 2.31 
5 1.06 23.37 2.34 
Table 16 – Voussoir division. 
 
Figure 120 – Voussoir division. 
 
Figure 121 – Maximum H. Thickness 0,8m. 
 
Figure 122 – Maximum H. Thickness 0,8m. 
As it can be seen the arch can no support the minimum horizontal force, so, a thrust line was 
constructed, following the same procedure as for the dome, to understand which is the minimum 
horizontal force for which, the arch is in equilibrium with the external loads. The final configuration of 
the arch is then the following one.  
 
Figure 123 – Thrust line. 
 
Figure 124 – Final outfit of Main Arch 1. 
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Figure 125 – Overview of the structure. 
 
The last thrust line proves that the arch with this geometry is in equilibrium with the external loads. The 
final outfit of the structure is acceptable.  
Now the second main arch was studied together with the equilibrium of the exterior wall which had to 
be done with the maximum H thrust line of the arch once more needed for the equilibrium of the cross 
column.  
 
Main Arch 2 
Voussoir Volume Weight Cad 
1 0.14 3.18 0.32 
2 0.16 3.47 0.35 
3 0.24 5.35 0.54 
4 0.18 3.98 0.40 
Filling 
Voussoir Volume Weight Cad 
1 0.46 10.20 1.02 
2 0.51 11.13 1.11 
3 0.69 15.12 1.51 
4 0.72 15.79 1.58 
Table 17 – Voussoir division. 
 
 
Figure 126 – Voussoir division. 
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Figure 127 – Maximum H. 
 
 
Figure 128 –Minimum H. 
 
The arch is stable for the maximum H, which will be the necessary load for the equilibrium of the cross 
column. For the minimum H is not stable, nevertheless, there the minimum H possible thrust line is 
very close to this value once the thrust line just slightly gets out of the structure.  
 
Figure 129 – Wall equilibrium. 
The wall is not in equilibrium, as the picture shows, the structure will need a buttressing system from 
the outside which will be studied afterwards.  
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4.3.4. Equilibrium of the barrel vaults 
At this point it was necessary to understand which the best configuration for the barrel vaults was and 
check the equilibrium of the elements supporting them. The reason for this is, once more, the flow of 
the loads because these elements are supported by the main façade bellow the main arch 1. Once 
more, taking in consideration Terrassa, the barrel vaults were located in a place right over the middle 
arch as the picture shows. The exterior wall has then 6m of height.  
 
Figure 130 – Barrel Vault. 
The study of the vault and exterior wall was the first being performed. The analysis was done per 
meter. Note that in one part of the ambulatory the exterior wall is not parallel to the building which 
means that the span of the barrel vault is not constant. To face this with simplicity, it was considered 
the biggest span it this study.   
 
 
Barrel Vault – Maximum Span 
Voussoir Volume (m^3/m) Weight (kN/m) Cad 
1 0.16 3.52 0.35 
2 0.17 3.65 0.36 
3 0.18 3.95 0.39 
4 0.21 4.60 0.46 
5 0.73 15.95 1.60 
6 3.00 66.00 6.60 
Table 18 – Voussoir division 
 
Figure 131 – Voussoir division. 
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Figure 132– Maximum H. 
 
 
Figure 133 – Minimum H – 
maximum span 
 
  
Figure 134 – Minimum H 
– minimum span 
 
The pictures show that the barrel vault is safe; nevertheless the wall is not in equilibrium with the 
exterior loads. The minimum H thrust line was drawn for the minimum span also to understand if the 
wall was in equilibrium or not. The result was again unsatisfactory which probably means that the 
building had some kind of buttressing system in the outside, which will be discussed afterwards.   
The next step was to understand the equilibrium of the support in the other side of the barrel vault, 
which is the main façade. First of all, it is necessary to explain that in the equilibrium of the cross 
columns, ¼ of the load of barrel vault was considered. The following picture explains this 
consideration.  
 
Figure 135 – Forces distribution. 
The past picture shows the, considered, distribution of the dome lateral force to the rest of the 
structure. The dome was divided in to eight parts; the corner pieces were included in the equilibrium of 
the cross columns and the other four pieces were included in the equilibrium of the main façade in the 
perpendicular direction. Regarding the vaults, they were divided into three parts; the middle one, 
which is half of the total length, was included in the equilibrium of the main façade in the two directions 
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and the rest was considered to contribute to the equilibrium of the cross columns. It was important to 
explain this, at this point, once to equilibrate the cross columns the lateral thrust needed from the 
vaults was bigger than the minimum H. So, to equilibrate the main façade, the same thrust line was 
considered.  
 
Figure 136 – Main façade equilibrium. 
 
As it can be seen, the main façade is not in equilibrium. The following step was to increase the 
thickness of the filling material between the two arches to the same thickness of the arches.  
 
Figure 137 – Main façade equilibrium. 
As it can be seen, the façade is still not in equilibrium once the horizontal force coming from the dome 
is not equilibrated by the vault. It was tried to draw a thrust line in the perpendicular direction to check 
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if the compression line followed was inside the arch, nevertheless this was not achieved. A different 
configuration is needed, then, for the barrel vault. The following geometry was tested. 
 
Figure 138 – Voussoir division. 
 
 
BARREL VAULT 
Voussoir Volume (m^3/m) Weight (kN/m) Cad 
1 0.19 4.13 0.41 
2 0.17 3.73 0.37 
3 0.19 4.16 0.42 
4 0.25 5.54 0.55 
5 0.36 8.00 0.80 
6 0.54 11.84 1.18 
7 0.81 17.77 1.78 
8 1.30 28.58 2.86 
9 3.73 81.95 8.20 
Table 19 – Voussoir division. 
 
Figure 139 – Final Thrust line. 
As it can be seen in the picture, the dome lateral thrust in this zone is now equilibrated.  
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4.3.5. Small arches study 
At this point the small arches bellow the main arch 1 together with the equilibrium of the circular 
columns were studied. It had to be considered the vertical load of the barrel vault, due to the 
consideration that this system supports this element. The volume of the barrel vault was divided by 
four to obtain the equivalent load in half arch and then divided by six voussoirs.  
Barrel Vault 
Volume 
(m^3) Weight (kN) 
Per 
Voussoir Cad 
2.54 55.94 9.32 0.93 
Column 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 1.10 24.30 2.43 
2 0.17 3.71 0.37 
Left Arch 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 0.05 1.11 0.11 
2 0.07 1.49 0.15 
3 0.08 1.71 0.17 
Right Arch 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 0.11 2.40 0.24 
2 0.12 2.65 0.26 
3 0.17 3.71 0.37 
4 0.18 3.98 0.40 
Filling 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 0.48 10.46 1.05 
2 0.49 10.77 1.08 
3 0.53 11.58 1.16 
4 0.97 21.44 2.14 
5 0.34 7.38 0.74 
6 0.26 5.75 0.58 
Table 20 – Voussoir division. 
 
Figure 140 – Voussoir division. 
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First the left arch was studied. The following picture shows the minimum and maximum thrust line for 
this element.  
 
Figure 141 – Maximum H. 
 
Figure 142 – Minimum 
H. 
 
Figure 143 – Thrust line. 
Although for the minimum H thrust line the arch is not stable, it was found more than one thrust line in 
equilibrium with the external loads. The thirds one shows a thrust line with horizontal force in the 
middle of the maximum and minimum and located in the middle of the first voussoir. 
The next step was to test the other small arch, the one on the centre of the façade. 
Figure 144 – Maximum H. Figure 145 – Minimum H. Figure 146 – Thrust line. 
The arch is not safe as it is possible to see in the pictures. The third thrust line was obtained with the 
same procedure as for the last arch. It was constructed to make sure the structure was not safe. The 
next step was to increase the thickness of the arch to 0,45m which is the limit defined by the space 
available in the column. 
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Barrel Vault 
Volume 
(m^3) Weight (kN) 
Per 
Voussoir Cad 
2.54 55.94 9.32 0.93 
Column 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 1.10 24.30 2.43 
2 0.17 3.71 0.37 
Left Arch 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 0.05 1.11 0.11 
2 0.07 1.49 0.15 
3 0.08 1.71 0.17 
Right Arch 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 0.11 2.40 0.24 
2 0.12 2.65 0.26 
3 0.17 3.71 0.37 
4 0.18 3.98 0.40 
Filling 
Voussoir 
Volume 
(m^3) Weight (kN) Cad 
1 0.48 10.46 1.05 
2 0.49 10.77 1.08 
3 0.53 11.58 1.16 
4 0.97 21.44 2.14 
5 0.34 7.38 0.74 
6 0.26 5.75 0.58 
Table 21 – Voussoir division. 
 
 
 
Figure 147 – Voussoir division. 
 
Figure 148 – Maximum H. 
 
Figure 149 – Minimum H. 
 
Figure 150 – Thrust line. 
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The arch is now in equilibrium with the exterior walls. Although the minimum H thrust line can not be 
achieved, the last thrust line is very close to the minimum H possible to be achieved with this 
configuration for the arch.   
The next step was to check the equilibrium of the round column. The first test was performed with the 
maximum H resultant force for the left arch and the minimum possible resultant force for the right arch. 
The reason for this was the belief that this would be the combination that would equilibrate the column.  
 
Figure 151 – Round Column Equilibrium – First test. 
As it can be seen, the column is in equilibrium. Nevertheless, it seems that for the left arch, the 
maximum H resultant force does not need to be achieved to obtain the equilibrium of column. Once 
the thrust from this arch will also influence the equilibrium of the cross column, a smaller thrust could 
be helpful. The next test was performed with the following thrust line for the left arch which was 
obtained with the same procedure as for the last thrust line of the right arch. This thrust line is then 
very close to the minimum possible for this arch. 
 
Figure 152 – Thrust line considered. 
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Figure 153 – Round Column Equilibrium – Second test. 
The column is not in equilibrium now, which means that the resultant force coming from the left arch 
was exaggeratedly decreased. The next test was performed with the third thrust line shown when the 
left arch was studied, which is sensibly in the middle of the maximum and minimum. 
 
Figure 154 – Round Column Equilibrium – Third test. 
The column is now stable and this resultant force can be used in the equilibrium of the cross column.  
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4.3.6. Equilibrium of the cross columns 
At this point the cross columns equilibrium was checked. This is a crucial point in the analysis once 
these elements are one of the most important in this structure. The loads involved in the equilibrium 
are the following ones: 
1. Main arch 1  
2. Left small arch 
3. Main arch 2 
4. Dome lateral load 
5. Barrel vault 
6. Corner Domes 
In the corners there were created small quarters of dome, inspired in the solution found in Terrassa for 
this element. Its configuration inserted in the structure is shown in the following pictures. 
 
Figure 155 – Corner Domes - Exterior View. 
 
 
Figure 156 – Corner Domes - Interior View. 
Following the same division of the main dome, these elements were divided by two and tested. The 
following thrust line proves their viability.  
 
Figure 157 – Corner Domes – Thrust Line. 
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The respective horizontal force was then transferred to the wanted orientation and included in ht 
equilibrium 
For the dome lateral load, following the consideration explained before, the lateral thrust coming from 
the corner piece of the dome was decomposed in the two main directions each component was 
included in the equilibrium of the respecting cross column. Note that the vertical load of the dome was 
already considered in the equilibrium of the main arch 1.  
 
Figure 158 – Forces distribution. 
Regarding the barrel vault, ¼ of its total load was included in the equilibrium of the cross columns as 
the picture shows and as it was explained before.  
The loads considered were then, the maximum H resultant force for the main arch 2, the minimum 
possible H resultant force for the main arch 1, the minimum H horizontal force coming from the dome 
decomposed in the wanted direction, the minimum H resultant force compatible with the equilibrium of 
the round columns for the left small arch and the horizontal force generated to equilibrate the dome in 
the central parts converted in to ¼ of the vault length.   
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Figure 159 – Cross column equilibrium. 
 
Figure 160 – Cross column equilibrium 1. 
 
 
 
 
 
 
 
As it can be seen in the picture, the column is in 
equilibrium with the external loads.   
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4.3.7. Buttressing System 
At this point the system to receive the horizontal thrusts on the exterior of the building was thought. 
First, the main arch 2 was studied. The thrust line needed for the equilibrium of the cross column is the 
maximum H one so it is necessary to equilibrate this resultant force from the exterior. The thrust line is 
the following one which was already shown. 
 
Figure 161 – Wall equilibrium. 
It is needed sensibly 1,3m more in the bottom of the wall to stabilize the thrust. The configuration of 
the buttress was based on a picture found in the website http://www.artehistoria.jcyl.es/ which shown 
the Terrassa baptistery with buttresses. This was a strange fact, once the site was visited and those 
elements are not there anymore. 
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Figure 162 – Terrassa baptistery. 
A similar configuration was tested in this case. The buttress has 1,3m added to the wall in the bottom, 
2,3m of height and then an inclined line connecting it to the beginning of the arch.  
 
Figure 163 – Wall equilibrium with buttress. 
The buttress estimated is sufficient to equilibrate the wall as the picture shows. Furthermore, the 
overview of the structure with the buttresses seems very acceptable as it will be shown forwardly. 
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As to the barrel vault, the following picture shows that the wall is not stable. A buttressing system on 
the entire wall does not seem logical, first because the examples studied do not show it and second 
because the foundations of the building is the only thing that still exists and that it should be taking In 
to account not making sense to change it. Furthermore, it is known that the baptistery was surrounded 
by buildings, which would help in the equilibrium of the wall. Due to this reasons a buttressing system 
for the wall was not thought being considered that the lateral thrust was equilibrated by the 
surrounding buildings.  
 
Figure 164 – Wall equilibrium. 
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4.3.8. Final solution 
After a long analysis, the stone solution is stabled and finished. To finalize the outfit of the structure, 
the corners, the barrel vault and the dome were covered by a wooden structure.  
 
Figure 165 – Final exterior view. 
 
 
 
 
Figure 166 – Final interior view. 
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BUILDING CENTURY LOCATION 
DOME 
HEIGHT/DOME 
DIAMETER 
TAMBOUR 
HEIGHT 
COLUMNS 
HEIGHT 
DOME 
TYPOLOGY 
Frejus V France 1/3 3 4,5 Segmented 
Albenga V Italy 0,4 2 3,5 Segmented 
Orthodox 
Baptistery 
of Ravenna 
V Italy 0,34 3,5 Wall - 4 Segmented 
Mausoleum 
of Gala 
Placida 
V Italy 1/3 - 4 Segmented 
St Vitale 
Church 
VI Italy 0,5 - 17 
Semi-
circular 
Terrassa VII Spain 0,3 - 3 Segmented 
Barcelona VII Spain 0,3 - 4 Segmented 
Table 22 – Dimensions summary. 
 
The final dimensions of the proposed solutions are presented in the chart where it is possible to 
compare it with the dimensions of the related buildings.  
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4.3.9. Position of the wall painting 
Considering the related buildings, there are many possible places for the location of this painting. The 
examples of Ravenna show mosaics and wall paintings in many places, such as dome, pendentives, 
and ambulatory. To try to understand possible places in this case, first of all, the curvature found was 
sketched in AutoCad like the picture shows.  
  
Figure 167 – Wall painting. 
Looking at the picture, it seems that the painting was almost vertical, or horizontal in the beginning 
starting to curve afterwards. This geometry suggests that this painting was located in a connection 
between a wall and an arch or a vault with the purpose to soften the connection. It could also belong 
to a connection between two elements which none was vertical or horizontal, such as connection 
between pendentive and dome.  Nevertheless, the more plausible thesis for its location seems to be a 
connection between a wall and a curved element. The known piece of the painting was located in the 
connections between vertical and curved elements (element in light blue) being the rest of the painting 
extrapolated (element in dark blue). 
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Figure 168– Barrel Vault. 
 
Figure 169 – Dome and main 
arch 1. 
 
Figure 170 – Corners of the 
ambulatory. 
The result is very acceptable. The three places seem very probable to be the place of the painting, 
nevertheless, in the dome it does not seem much coherent once the place studied is very punctual. 
4.3.10. Other possible solutions 
Although the final solution is conceivable from the structural and archaeological point of view, the 
several structural elements can assume other typologies. The main elements which could assume 
other geometries are: 
1. Dome – The existence of a tambour is viable from the structural point of view and it is credible 
archaeologically once some examples show it.  
2. Pendentives – Again citing terrassa, in this example these elements have the following 
disposition which is sketched. This solution was not studied from the structural point of view, 
but seems conceivable.  
 
Figure 171 – Terrassa. 
 
Figure 172 – Pendentives Sketch. 
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In fact, the solution purposed seems very logical from the two important points of view. It is very 
credible and conceivable and, in general, the structural scheme for the case of a stone solution should 
have been the one explained and studied. As it was cited, some elements could have been different, 
as the two examples show, but in general the structure should have been similar to the one purposed.  
4.4. Wooden solution 
Regarding the wooden solution a possible disposition of the main elements was sketched as the 
picture shows. There are many possible typologies for the different timber elements which should be 
studied deeper. A possible disposition for the different elements was generally thought and it is 
sketched in the following picture. The baptistery could have been something like this before the 
improvements of the city, then the four cross columns were constructed and the stone solution was 
constructed. It is a possibility which makes sense but it is subjected to critics.  
 
 
Figure 173 – Wooden structure. 
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5. CONCLUSIONS 
The cooperation between structural engineers and archaeologists revealed itself very useful in the 
understanding of the structure of the baptistery of Barcelona. This is one good example of the 
multidiscipline necessary in the analysis of historical constructions in general. This work also showed 
the utility of limit analysis in the study of historical constructions.  
It is possible to say that the all objectives were achieved. The study of the state of the art revealed 
itself of extreme importance to the rest of the analysis and it was fulfilled. The historical facts tried to 
be understood and the main related buildings were studied and its important properties summarized. 
Then the Episcopal city of Barcino and the remains of the baptistery were studied and better 
understood. In fact, the study of the state of the art improved the sensibility when sketching the first 
possibilities. This objective was achieved, nevertheless, it was obtained by a different route from the 
one planned in the start. In the beginning it was planned to sketch several solutions and test them by 
means of limit analysis but, the truth is that there was a strong belief that, for the stone solution, the 
structural scheme of the baptistery was the one explained, so each element was studied and a final 
solution was obtained coherent with the archaeological facts and structural viability. Some of these 
structural elements can be different, as it was explained, and this can be interpreted as the 
achievement of this objective, furthermore there was a concern about understanding the evolution of 
the building and a proposal of a structural scheme for the original foundations was thought. Adding to 
this, a final solution consistent with the structural viability and archaeological facts was proposed.   
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